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Abstract  
We investigate high-performance interdigital transducers (IDTs) for the generation of surface acoustic waves (SAWs) on AT-cut 
quartz, where the metal fingers are embedded in the substrate. Three micromachining techniques are used to manufacture SAW 
structures, namely an inductively coupled plasma, a laser etching and a reactive ion etching. An evaporated layer of Al and a Ni 
thick electroplating are used to grow the metals in the micromachining structures. A chemical mechanical polishing (CMP) 
technique is used to remove the exceeding metal and keep a flat surface. The electrical characterizations indicate that the 
fabricated devices are suited for sensing proposes with a low insertion loss and a linear phase. Results are reported emphasizing 
the efficiency of the Ni damascene process to manufacture SAW sensors with the embedded structures. 
 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
Keywords: Embedded fingers; Inductively coupled plasma; Laser; Reactive ion etching; CMP; Insertion loss; Phase 
1. Introduction                                                                                                                                                                         
Since the 70-ies, when the first delay lines and filters using surface acoustic waves (SAW) were designed and 
manufactured, the use of SAW devices in special and commercial applications has expanded quickly and the range 
of their working parameters was extended significantly (Hashimoto et al (2000, 2008)). In the last decade, a major 
part of the research on the Love mode surface acoustic wave (SAW) device operated in liquids, e.g. biosensors, 
focused on using different conventional piezoelectric substrates, and different guiding and sensing layers in order to 
obtain low insertion loss, high power durability and high sensitivities, etc. (Länge et al (2008)). The main element of 
a SAW device is a piezoelectric substrate with an interdigital transducer (IDT) used for the generation and the 
detection of SAW in the substrate. In a classical fabrication scheme, the device is configured as a delay line, and the 
metal electrodes of the interdigital transducers (IDTs) are buried between the piezoelectric substrate and the guiding 
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layer Fig 1-a. Although damascene processes have been developed for a shallow embedding of the electrodes in the 
substrate,  in order to keep a flat surface (Fig.1-b), notably in microfluidic applications, and to improve reliability 
when handling high input powers (Menzal et al (2007)), there is relatively little investigation related to substrate 
embedded transducers. The main reason is linked to the difficulty of micromachining piezoelectric substrates such 
as quartz, lithium niobate and lithium tantalate. However, burying the electrodes in the substrate can lead to an 
enhanced transduction efficiency and a higher acoustic impedance contrast needed for efficient Bragg reflector 
designs. Furthermore, embedded finger structures (Fig. 1-b) seem to have some advantages as sidewise material 
extrusions causing shortcuts in the conventional technology can be avoided. 
 
                                                     
 
 
In this paper, we investigate the generation of a surface acoustic wave on AT-cut quartz substrates using 4-fingers-
per-wavelength IDTs with metal fingers embedded into the substrate, as illustrated in Fig. 1(b). This study firstly 
focuses on the micromachining structures in the AT-cut quartz wafer using three different dry etching techniques:         
(1) an inductively coupled plasma (ICP), (2) a laser etching (Oxford Lasers) and (3) a reactive ion etching 
(Electrotech RD600). Secondly on the metal growth in the structures using two deposition techniques: Al 
evaporation and thick electroplating Ni then polished using the Chemical Mechanical Polishing (CMP) process.        
The micromachining structures have been observed with a Nikon optical microscope with a CCD camera. The 
material ablated depth was determined by using an optical surface profiling (DEKTAK 150 Profilometer, Veeco, 
Plainview, NY, USA). A conventional Scanning Electron Microscope (SEM) (Leo Ultra 55 FEG SEM, Zeiss, 
Oberkochen, Germany) has also been used to inspect the microstructural shapes at higher magnifications.        
A comparative study between conventional SAW sensors and the new ones will be presented at the end of the paper. 
 
2. Materials and methods 
2.1. SAW sensors 
Love-wave devices consist in delay lines built on 3-inch diameter, 500 μm thick AT-cut quartz wafers (from Roditi 
International Corporation Ltd, London, UK). The wave guidance is achieved by depositing a 1 μm thick polyimide 
atop an AT-cut plate of quartz. The Love wave is excited and detected using IDTs composed of 50 pairs of 4-finger-
per-wavelength electrodes. The grating period is 10 μm, i.e. a wavelength of 40 μm, yielding a frequency operation 
in the vicinity of 125 MHz. 
2.2. Techniques used for micromachine structures 
Laser etching: The experiments were performed using the Coherent Talisker DPSS (Oxford Lasers, Shirley, USA), a 
picosecond laser emitting at 355 nm. The typical pulse duration was 10 ps. The pulse repetition rate was set up to 
200 kHz, and the average laser power to 3 W.The UV focal spot diameter is 10 ȝm. 
 
Reactive ion etching plasma electrotech RD600: Etching of quartz areas using an SF6 and CHF3 plasma-etching 
process. The total pressure in the plasma etching chamber was set at 40 mT using flows of 2 and 50 sccm for SF6 
and CHF3, respectively. The excitation power used to generate the plasma was 60 W with a bias voltage of 365 V.            
 
Inductively Coupled Plasma (ICP): The system used in this study is a Multiplex Advanced Oxide Etch (AOE) ICP 
system from Surface Technology Systems (STS) with a 6 inches electrostatic chuck. The quartz wafers were fixed 
on 6 inches Si wafer using wax. We used C4F8 (10 sccm) gas and the coil RF power was fixed at 1600W and the coil 
RF power at 300W with a chamber pressure of 10 mT.   
2.3. Nickel electroplating 
The nickel growth is carried out thanks to an electroforming process, in a Ni-sulfamate electrolytic bath kept at a 
constant temperature of 55 °C. A pre-metalized SiO2 wafer is one of the electrodes of the system (cathode). The 
other one (anode) is the source of nickel, which passes through the electrolytic solution onto the quartz wafer during 
the process. Both electrodes are fully immersed and connected to a DC current source, providing current densities of 
a few mA.cm-2 on the electroplated sample, with growing rates around 50 nm.min-1.  
Fig. 1. Schematic of a SAW finger 
electrode.a) Conventional electrode,    
b) Embedded electrode. 
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Fig. 3. SEM pictures of AT-cut quartz 
micromachining surfaces at: V= 20 mm.s-1, 
f= 33 Khz and fluence = 1.55 j.cm-2.   
a) 3D IDTs grooves and b) cross section of 
different dimensions of IDTs grooves. 
 
(b) 
S = 0.05 mm * 1mm S = 0.01 mm * 1mm
S = 0.16 mm * 1 mm
(a) 
2.4. Chemical Mechanical Polishing process 
For the CMP process the polisher Mecapol P600 was applied. In principal the CMP is performed in two steps: i) 
condition and buffing steps followed by ii) nickel polish in several steps. Prior to each CMP process the pad (type 
IC 1000 with sub-pad Suba IV and c-grooves, Rodel Nitta) is conditioned with a crossed diamond knife tool under 
strong deionized (DI) water jet. For the nickel polish, the slurry Ultra-Sol 201A140 from Eminess technologies 
(Switzerland) with 25% of aluminum oxide and 0.160 μm particle sizes was used with a flow rate of 150 ml/min.  
 ([SHULPHQWDODQGUHVXOWV
3.1. Manufacturing  process 
7KH ,'7VZLWKHPEHGGHG ILQJHUV LQYHVWLJDWHGKHUHZHUHPDQXIDFWXUHGRQ$7FXWTXDUW] VXEVWUDWHV IROORZLQJ WKH
SURFHGXUHLOOXVWUDWHGLQ)LJ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7KHPDQXIDFWXULQJSURFHVVLQYROYHGWKHIROORZLQJVWHSV
DCoating of the substrates with a positive photoresist, and the subsequent definition of the metal finger areas on the      
photoresist by photolithography (1&2). A hard mask was used for the ICP technique (1), and a photoresist mask for 
the RIE technique (2). For the laser technique (3), the desired pattern (SAW GDS) was applied to the substrates by 
writing adjacent les with fixed laser parameters ((El fissi et al (2015)).
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IRUHYDSRUDWHG$O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H7KHZDYHJXLGLQJLVDFKLHYHGE\GHSRVLWLQJDPWKLFNSRO\LPLGH3,OD\HU




 
 
 
3.2. Micromachining structured observations 
Laser patterning: Figure 3 presents the patterning results achieved at 335 nm front side irradiation with a fluence of 
1.55 j.cm-2, a pulse repetition rate of 33 kHz and a scanning speed of 20 mm.s-1 with five scan numbers (El fissi et al. 
(2014)). The topography measurement (fig.3-b, surfaces 0.05 mm2 and 0.16 mm2) at the fluence 1.55 J.cm-2 presents 
the best surface roughness (∼ 600 nm). The cross section profile produced by fluence at 1.55 J.cm-2 is oval shaped 
for a scan speed equal to 20 mm.s-1 (fig.3-b, surfaces 0.05 mm2 and 0.16 mm2) with an average depth of some      
35 μm. However, V-shaped is observed from the small surface (< 15 μm) and an average depth of around 22 μm.  
 
 
Fig. 2. Process steps for the 
manufacturing of IDTs with embedded 
fingers using three etching techniques. 
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Fig. 4. SEM pictures of an AT-cut 
grooves using RIE etching. 
As we can see from Fig.3, it is very hard to manufacture grooves with a good patterning when surfaces area less 
than or equal to 10 μm using the picosecond laser (335 nm) since the small UV focal spot diameter is 10 ȝm.  
RIE etching: Figure 4 shows SEM images of IDTs grooves using a photoresist mask. With the RF power set at       
60 W, the etching rate of an At-cut quartz was 25 nm.min-1. Each profile was anisotropic and smooth under the used 
conditions and the average depth measured was 1 μm. Topography measurements reveal a very smooth groove 
bottom with a small roughness (Ra = 1.5 nm, Rq = 2.5 nm). The high quality of the groove bottom indicates a 
selective removal of quartz.  
 
 
 
 
ICP etching: The plasma etching of quartz was investigated by ICP RIE etching using SF6 gas. Figure 5 shows SEM 
pictures of ICP etching IDTs grooves after removal of the hard mask. The highly directional plasma etching creates 
well-defined etched grooves with the desired depth (5 μm). Topography measurements reveal a very smooth groove 
bottom with a small roughness (Ra = 1.4 nm, Rq = 2 nm). The etching rate in our case was 560 nm.min-1, and the 
etch mask selectivity was 76:1. For the manufacture, it is important to avoid the formation of grooves at the lateral 
interface between the embedded metal and the substrate, which efficiently scatter the surface mode. 
   
 
 
 
3.3. Embedded fingers observations 
Figure 6 displays Al embedded fingers produced using the manufacturing process described above (Fig.2-2). The 
measured fingers width was 5 μm separated by 5 μm. The highly directional plasma etching creates well-defined 
etched grooves with a depth corresponding almost exactly to the thickness of the metallization film (1 μm thick). 
 
 
 
 
 
The Ni electroplating growth on the AT-quartz substrate, the removal of the exceeding Ni using the CMP process, 
and the Ni embedded fingers produced using the manufacturing process described above (Fig.2-1), are shown in           
Fig. 7. Figure 7-(a) shows a good trench filling; no voids or pinholes were observed. The thickness of the Ni 
electroplated layer was approximately 10 ȝm. In order to achieve ideal planarized structures, the CMP process has to 
remove the metal without eroding the substrate (Fig.7-b). Therefore, a high metal and liner to dielectric selectivity is 
necessary. Low selectivities can lead to the erosion of patterns when overpolishing, which is necessary as the 
removal rates across the wafer are usually not constant. A high metal pattern density is equivalent to a low dielectric 
density; therefore, areas of high metal pattern densities show higher metal and dielectric removal rates (Steigerwald 
et al. (1979)). Figure 7-(c&d) shows that sidewise material extrusions can be avoided the shortcuts effects; no 
scratches were observed for the polishing substrate.    
Fig. 5. SEM pictures of an AT-cut groove using 
ICP etching. 
Fig. 6. SEM pictures of Al embedded 
fingers on an AT-cut quartz using the 
lift-off process. 
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3.4. Electrical characterization 
In order to evaluate the performance of the embedded finger concept, conventional (Fig. 1.a) and embedded finger 
IDTs were manufacturing and characterized using an Agilent N5242A network analyzer. Figure 8 shows a 
comparison between the evolution of the insertion loss and the phase in the case of conventional IDTs (fig.1-a) and 
in case of embedded ones (fig. 1-b). The device characterized made of 1 μm thick evaporated Al in 1 μm deep 
grooves. The results presented indicate that the insertion loss and the phase are suited for sensing applications with 
low insertion loss and a linear phase.  
 
 

 &RQFOXVLRQ
Experimental results show that the Ni damascene process is basically appropriate to the SAW technology with 
embedded structures. For the manufacturing process of SAW structures on At-cut quartz substrate, the ICP 
technique presents the best defined etched grooves and structures with a high rate each (560 nm.min-1) compared to 
the laser technique, and without limitation depth compared to the IRE and laser techniques. The CMP process has to 
be studied more in detail in order to improve the polished quality. The performance of the Ni damascene SAW 
structures offers a series of new application features, especially of microfluidic or optical devices where a smooth 
surface is required.   
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Fig. 7. a) Ni electroplating growth on 
an AT-quartz wafer b) Polished wafer,    
c) SEM pictures of Ni embedded    
fingers and d) cross section of the Ni 
embedded fingers. 
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Fig. 8. a) Transfer function of conventional 
IDTs and the embedded ones expploiting 
Plàyimide guiding overlayers. Left : the 
insertion loss, right :the phase. 
 
